The thermal decomposition of the by-products of the biodiesel process was studied by thermoanalytical methods. De-oiled algae cake and jatropha seed de-oiled cake were pyrolyzed and the catalytic effects of silica supported iron catalysts (Fe/FSM-16 and Fe/SBA-15) and magnetite (Fe 3 O 4 ) were tested. The evolution profiles of the decomposition products as well as the thermal stability of the samples were determined by thermogravimetry/mass spectrometry (TG/MS). The formation of the volatile products was monitored by pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS). The composition and the amounts of the S2 gaseous products changed significantly in the presence of the silica supported iron catalysts: the yield of hydrogen and carbon monoxide considerably increased above the decomposition temperature of 400 °C. Both silica supported iron catalysts had important effects on the yield of the products originating from carbohydrates and lignins. The formation of anhydrosugars and phenolic compounds was hindered, while the evolution of aromatic and aliphatic hydrocarbons was enhanced. Fe/FSM-16 proved to be more efficient than Fe/SBA-15 and Fe 3 O 4 catalysts. The thermal decomposition of the protein content of the samples resulted in the formation of 2,5-diketopiperazines and smaller molecules (e.g., ammonia). The silica supported iron catalysts had a special effect: their presence promoted the reaction of fatty acid esters and ammonia resulting in the formation of alkyl nitriles during the thermal decomposition.
INTRODUCTION
The applied mineral oil and natural gas can be partially substituted by renewable energy carriers hereby decreasing the consumption of fossil fuels. Biodiesel becomes more and more popular as a substitute for fossil transport fuels. Therefore, it is important to find novel renewable raw materials for the biodiesel production.
Algae are aquatic plants, which synthesize organic compounds from simple substances present in the surrounding water using light energy. Microalgae can be utilized in several ways, producing four types of renewable energy carriers: biodiesel, 1,2 bioethanol, hydrogen 3 and biogas;
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zeolite was found as a promising catalyst to convert microalgae into aromatic hydrocarbons and ammonia by catalytic pyrolysis. 20 SBA-15 mesoporous silica nanoparticles were prepared for the first time by Zhao and co-workers in 1998. 21, 22 SBA-15 has a highly ordered hexagonal structure with the pore size of 5-30 nm prepared in the presence of triblock poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) copolymer (PEO-PPO-PEO) as a template. 21, 22 SBA-15 has a large specific surface area and high thermal stability hence it can be applied as an acidic catalyst support. Iron substituted SBA-15 catalyst is mostly applied to ozonation of different chemicals 23 and reformation of ethanol to a hydrogen rich gas mixture. 24 A highly ordered mesoporous catalyst support (FSM-16) can be synthesized from kanemite mineral. 25, 26 The hexagonal FSM-16 support has a large specific surface area with the pore size of 2-10 nm. 27 The iron substituted FSM-16 was successfully applied, e.g., in waste plastics pyrolysis, 28 Friedel-Crafts alkylation reaction 29 and in photocatalytic reaction for hydrogen production. 30 Silica, alumina and silica-alumina supported iron catalysts were used during recycling of waste lubricant oil. The catalysts promoted the cracking of the higher hydrocarbons into fuel oil. 31 Magnetite is commonly used as a catalyst in several reaction types, e.g., organic reactions, 32 ammonia synthesis and degradation of organic contaminants. 33 In this study we report the catalytic effects of mesoporous silica (SBA- [15] [16] supported iron catalysts with the goal of upgrading the thermal decomposition products of deoiled algae and jatropha seed cakes. Magnetite (Fe 3 O 4 ) catalyst was used for comparison with the silica supported iron catalysts because Fe 3 O 4 iron phase had been formed in the supported catalysts after calcination. The efficiency of the catalysts was tested by thermogravimetry/mass spectrometry (TG/MS) and pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) techniques.
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EXPERIMENTAL SECTION
Preparation of de-oiled algal cake (DAC). Algae were collected from natural water bodies in
Telangana, India and they were cultivated in a wastewater pond. The algal biomass sample consists of different alga species: Scenedesmus dimorphus, Scenedesmus quadricauda, Scenedesmus obliquus, Chlorella vulgaris, Chlorella minutissima and Chlorella protothecoide.
The dried wastewater algal biomass was subjected to sonication in order to disrupt the algal cell wall. The oil extraction was performed using n-hexane in a Soxhlet extraction apparatus. After several cycles of run the concentrated oil solution was transferred into a flask and the solvent was evaporated using a rotary evaporator. The de-oiled algae powder was washed by hot water at 60
°C for 2 hours in order to eliminate the main part of the water soluble organic and inorganic compounds of the sample.
Preparation of jatropha seed de-oiled cake (JSDC)
. Jatropha seeds originate from a local jatropha plantation in Uttarakhand, India. Jatropha seeds were mechanically crushed and pressed in order to separate the liquid fraction from the solid residue. The solid phase fraction was dried and milled to <100 m particle size.
Catalysts.
Mesoporous silica SBA-15 and FSM-16 supported iron catalysts were used to upgrade the thermal decomposition products of DAC and JSDC. The silica supported catalysts were prepared by wet impregnation method with iron loading of 5 wt%. As a catalyst, magnetite (Fe 3 O 4 ) powder was tested as well. The catalysts were mixed with the biomass samples in the ratio of 1:1 in order to ensure the contact between the catalyst and the evolving gas phase decomposition products.
Thermogravimetry/mass-spectrometry (TG/MS).
The TG/MS system consists of a modified Perkin-Elmer TGS-2 thermobalance and a Hiden HAL quadrupole mass spectrometer.
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About 4 mg de-oiled algae and jatropha seed samples were measured in argon atmosphere at a flow rate of 140 ml min -1 . Approximately 6-7 mg samples were applied in case of the algae and jatropha seed mixed with the catalysts in the ratio of 1:1. The samples were heated at a rate of 20 °C min -1 from 25 to 900 °C in a platinum sample pan. The evolved products were introduced through a glass lined metal capillary heated at 300 °C into the ion source of the mass spectrometer which was operated at 70 eV electron energy.
2.5. Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS). Approximately 3 mg deoiled algae cake and 1.5 mg jatropha seed de-oiled powders were pyrolyzed at 550 °C for 20 s in helium atmosphere using a Pyroprobe 2000 pyrolyzer interfaced to an Agilent 6890A/5973 GC/MS. The sample sizes were doubled in case of the biomass and catalyst mixtures. We applied relatively large sample sizes in order to ensure a better contact between the decomposition products of biomass samples and the catalysts. The interface and the GC injector were heated to 280 °C. The pyrolysis products were separated on a DB-1701 capillary column (30 m × 0.25 mm, 0.25 m film thickness). The GC oven was programmed to hold at 40 °C for 4 min then increase the temperature at a rate of 6 °C min -1 to 280 °C (hold for 7 min). The mass range of m/z 14-500 was scanned at a rate of 3 scans s -1 by the mass spectrometer in electron impact mode at 70 eV electron energy. Two or three replicates were carried out with each sample. 
Inductively coupled plasma-optical emission spectrometry (ICP-OES
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It is well-known that the thermal decomposition mechanisms as well as the product distribution of the biomass samples are considerably affected by the alkali ion concentration. 36 Therefore the composition of the ash was determined by ICP-OES measurements and the concentrations of the inorganic ions and elements were recalculated for the basis of dry biomass samples. As Table 1 shows, the potassium ion concentration of DAC is about 6000 ppm, while JSDC has almost 3 times higher K + content. The Na 2+ content of JSDC is negligible. DAC has relatively high sodium, magnesium and calcium ion contents comparing to the jatropha seed cake. It is in agreement with literature data on the composition of various algae 37 and terrestrial plants. 38 The high concentration of these ions can be explained by the fact that algae are aquatic organisms and the sample was grown in a wastewater. The DAC sample contains high amount of Ca 2+ mostly in the form of carbonate (as discussed below). The higher inorganic concentration of DAC comparing to JSDC explains the higher ash content, as well. (Table 1) , which is about 20% in case of DAC. The catalysts hinder the ammonia production to some extent.
The final decomposition step of the DAC sample takes place between 600 and 800 °C. The inorganic carbonate content (mostly calcium carbonate) decomposes into metal oxide and carbon dioxide as the evolution curve of CO 2 (m/z 44) implies in Figure 2 . Further charring reactions of the solid residue also take place indicated by the release of hydrogen and carbon-monoxide.
When using Fe 3 O 4 catalyst, there is another carbon dioxide peak at about 820 °C, which coincides with a high carbon monoxide peak (Figure 2d ). This can be explained by the oxidation of the carbonaceous residue with Fe 3 O 4 leading to the formation of CO and CO 2 . This reaction can also be seen on the DTG curve of JSDC ( Figure 1d ). As a result of the char oxidation, the total weight loss of DAC and JSDC is the highest in the presence of magnetite. This reaction is much less significant when Fe/FSM-16 and Fe/SBA-15 were applied, which indicates that the iron bonded to the silica support material is not capable to oxidize the char at about 800 °C.
The evolution of hydrogen and carbon monoxide from DAC sample is substantially more intensive using Fe/FSM-16 or Fe/SBA-15 catalysts, as shown in Figure 2b and 2c, while they are slightly increased in the presence of magnetite (Figure 2d ). Similar catalytic effect was observed S13 in case of de-oiled jatropha seed sample. This observation can be related to the fact that the main devolatilization step between 200 and 400 °C is significantly hindered applying the silica supported iron catalysts. Apparently more hydrogen and oxygen remained in these samples, which are released in the form of H 2 and CO above 600 °C during the charring process. performed with small sample sizes, the catalysts were mixed with the samples in the ratio of 1:1 in order to make sure the contact between the decomposition products and the catalysts. The identification as well as the relative peak areas (%) of the pyrolysis products are listed in Table 2 .
In order to understand the changes in the chemical composition of the pyrolysis oil, the main decomposition products were organized into groups and the relative peak areas of these compounds were summed. These results are presented in Table 3 and in the pie charts found in the Supporting Information ( Figure S2 ). The quantitative determination of the gaseous products is quite uncertain by Py-GC/MS due to the poor resolution, so the GC peaks eluting between 2.2 and 2.5 min retention times were omitted from the relative peak area % calculation. The identification of the molecules is based on their NIST mass spectral library and literature data.
39-
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The unresolved peaks at lower retention times (G in Figure 3 and 4) represent the evolution of gaseous and vapor products of low molecular weight, e.g., carbon dioxide, water and methane, which may be formed by the scission of various functional groups of several components. Table 2 . + magnetite catalysts at 550°C. Peak identities are given in Table 2 . Comparing the overall pyrograms of DAC and JSDC, the composition of their pyrolysis oil seems to be similar. The main difference between them is the amount of the anhydrosugars and the aromatic lignin decomposition products. The DAC and JSDC samples contain 7.3 % and 24.2% of acid insoluble lignin, respectively (Table 1) . Significantly more lignin monomeric compounds ( peaks #38, 40, 41, 44, 45, 48-50, 57, 58, 61, 63, 68, 72, 74-76, 83 and 84) were identified in the chromatograms of JSDC samples (Figure 4) , which can be explained by the higher lignin content of this sample. Syringol monomers were not detected, only guaiacol and phenolic products were found in the pyrograms of the de-oiled algae cake, while de-oiled jatropha seed cake releases all the three types of lignin monomers. It is in agreement with the theory of lignin biosynthesis concluding that syringol lignin only exists in angiosperms. 43 The aromatic pyrolysis products originating from lignin and protein were categorized into the following groups: phenolics (without methoxy groups), methoxy-containing aromatics, and aromatic hydrocarbons. As Table 3 and Figure S2 show, the methoxy-containing aromatic S19 compounds (guaiacol and syringol derivatives) were released in similar yield with and without the catalysts. However, the yields of the phenolic compounds were significantly reduced in the presence of both silica supported iron catalysts. The formation of aromatic hydrocarbons was promoted by Fe/FSM-16 catalyst. The decrease of phenolic compounds is very important from the point of view of the possible utilization of the pyrolysis oil because phenols have acidic character and they are prone to polymerization, hence they reduce the stability of the pyrolysis oil.
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The main decomposition product of cellulose pyrolysis is levoglucosan (peak #79). Other smaller anhydrosugar molecules (peaks #47, 55, 66 and 78) are also formed during the pyrolysis of cellulose and hemicellulose under inert atmosphere. The intensities of the carbohydrate decomposition products are higher during the pyrolysis of JSDC than that of DAC sample in agreement with the considerably higher cellulose and hemicellulose content of the raw material (see Table 1 ). The yields of levoglucosan and other anhydrosugar molecules reduced significantly in the presence of silica supported iron catalysts (Fe/FSM-16 and Fe/SBA-15) (Table 3 and Figure S2 ). The glucopyranose and glucofuranose derivatives probably decomposed into more stable smaller molecules (e.g., acetone) on the surface of the catalysts. Fe/FSM-16 is much more effective catalyst for carbohydrates than Fe/SBA-15. The presence of Fe 3 O 4 did not modify the decomposition routes of carbohydrates notably. Figure 5 . Possible pathways of the nitrile formation from triglycerides using catalysts.
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The de-oiled biomass samples still contain small amounts of triglycerides, which decompose into fatty acids and glycerin during the pyrolysis as illustrated in Figure 5 . These fatty acids are mostly palmitic acid (peak #87) and probably stearic acid. Alkanes (peaks #29, 36, 42, 51 and 59), alkenes (peaks #1, 7, 11, 21, 30, 37, 43, 52, 60 and 69), carbon dioxide (Figure 2 and S1) and acetic acid (peak #6) can be formed by further decomposition reaction of the fatty acid molecules as presented in Figure 5 . In the presence of Fe/FSM-16 and Fe/SBA-15 catalysts, nitrile molecules (acetonitrile, peak #4), hexadecanitrile (peak #85) and octadecanitrile (peak #95) were released during the reaction of fatty acids and ammonia originated from protein (Table 2) .
Without catalysts or in the presence of Fe 3 O 4 , smaller amounts of acetonitrile, hexadecanitrile and at most only traces of octadecanitrile were measured in the pyrolysate (Figure 3a, 3d, 4a, 4d and Table 2 ). The formation of nitrile molecules was the most pronounced when Fe/FSM-16 S21 catalyst was used. Hexadecane amide (peak #102), a possible intermediate of the formation of hexadecanenitrile was also identified among the decomposition products.
The main nitrogen-containing decomposition products at higher retention times are 2,5-diketopiperazines (DKPs) (peaks #86, 88-90, 93, 94 and 96-99) . These molecules are the thermal decomposition products of proteins. 41 The protein content of DAC and JSDC are 20.5%
and 28.8%, respectively (Table 1) . Adamiano et al. established that small amounts of iron on chrysotile nanofiber decreased the DKP formation from bovine serum albumin during off-line pyrolysis. 44 A similar reduction was observed in the relative intensities of DKPs during the pyrolysis of DAC using Fe/FSM-16 catalyst. However, this change was not observed under other experimental conditions, as it can be seen in Table 3 and Figure S2 . 
CONCLUSION
The thermal decomposition of two different by-products of biodiesel production process (de-oiled algae cake and jatropha seed de-oiled cake) was studied by TG/MS and Py-GC/MS in order to test their suitability for bioenergy generation. Magnetite had no systematic effect on the pyrolysis product distribution of the by-products;
however, mesoporous silica supported iron catalysts affected the yield of several compounds considerably. Decreased decomposition rate was observed in the temperature range of the main organic components (200-400 °C) in the presence of silica based catalysts, while increased yield of hydrocarbons was measured between 400 and 550 °C originating from the residual oil content of the samples. Hydrogen and carbon monoxide evolution significantly increased during the carbonization process at higher temperatures (550-900 °C).
Substantial part of the anhydrosugar molecules was cracked by the silica based iron catalysts indicated by their reduced yield and enhanced formation of some ketones (e.g., acetone). The evolution of acetic acid and phenolic compounds was hindered by the supported catalysts, which points to the reduced acidity of the pyrolysis oil. Another advantage of the lower yield of the phenolics is that the susceptibility of the oil to polymerization must be decreased. The reduced S23 acidity and the increased stability of the pyrolysis oil are among the main objectives of the catalytic pyrolysis of biomass samples.
The main decomposition products of proteins under inert atmosphere are 2,5-diketopiperazines, their yields were not influenced systematically by the studied catalysts. One of the major effects of the silica based catalysts is the promotion of nitrile formation. In the presence of Fe/FSM-16 or Fe/SBA-15 catalysts, the reaction between fatty acid molecules originating from triglycerides and ammonia derived from amino acids were promoted, and long chain nitriles appeared in the pyrograms. Figure S1 shows the TG/MS curves of jatropha seed de-oiled cake (JSDC) with and without catalysts. Two main differences can be observed in the decomposition pattern between JSDC ( Figure S1a ) and de-oiled algal cake (DAC, Figure 2a in the main paper). The DTG curve has a pronounced shoulder and several MS intensity curves of JSDC have peaks at about 280 °C, which can be attributed to the thermal decomposition of hemicellulose. The hemicellulose content of JSDC is about 5 times higher than that of DAC (Table 1) ; hence the hemicellulose peaks can be clearly distinguished. The other difference between the two samples is due to the different amounts of inorganic materials. DAC has a high calcium carbonate content, which decomposes at about 700 °C releasing high yield of CO 2 . This decomposition step is missing during the decomposition of JSDC. Thus the carbon dioxide evolution can be better seen Figure S2 presents the pie charts of the pyrolysis yields of the main compound groups in case of DAC and JSDC with and without the catalysts. The effect of the catalysts is discussed in the main paper, where these data are found in Table 3 . 
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